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METAL ACCELERATION BY CHEMICAL EXPLOSIVES

J. W. Kury, H. C. Hornig, E. L. Lee, J. L. McDonnel,
D. L. Ornellas, M. Finger, F. M. Strange, M. L, Wilkins
Lawrence Radiation Labovatory
Livermove, California

ABSTRACT

The ability of chemical explosives to accelerate metal has been in-

vestigated in considerable detail.

An accurate hydrodynamic test has

been developed to measure relative metal accelerating ability, and re-
sults have been obtained for a number of explosives.

Hydrodynamic tests have been used to generate pressure-volume-
energy equations of state for detonation products. These equations of
state can be used in calculations to predict the performance of an ex-

plosive in a variety of geometries.

The equation of state obtained for

Comp B is compared with those obtained by other investigators.

Thermochemical calculations have been shown to predict accurately
the relative performance of many explosives. These calculations have
also been used to correlate the effect on performance of the amount and
type of binder used in explosives containing HMX.

INTRODUCTION

One of the most important uses of chemical
explosives is to accelerate metal. This ability
of an explosive to impart energy to metal has
often been referred to as brisance, and a variety
of relatively simple tests [1] have been evolved
over the years to measure this property. Among
them are the Trauzl block test, ballistic mortar,
sand test and small scale plate push test [2].
Such tests have considerable appeal since they
use small amounts of explosive and do not, in
general, require expensive diagnostic equip-
ment. Unfortunately, it has been our experience
that these tests do not accurately predict the
metal accelerating ability of many explosives
even on a relative basis. For example, the ex-
ceptional performance of some boron-containing
explosives in the sand test and small scale plate
push test and of certain high density formula-
tions in the plate dent test have not been borne
out in subsequent large-scale metal accelera-
tion tests. Moreover, information on the {funda-
mental behavior of the detonation products of an
explosive cannot be obtained from such tests
because they are not amenable to accurate
hydrodynamic interpretation.

The ability to measure or calculate pre-
cisely an explosive's metal accelerating

performance is of considerable importance. It
permits one to determine an optimum balance
between performance, sensitivity, thermal sta-
bility, and physical properties for a given ex-
plosive formulation. To do this we have devel-
oped metal acceleration tests which, not only
permit a precise relative ordering of explosives,
but also give sufficient information so that an
accurate hydrodynamic equation of state can be
generated for the detonation products. In addi-
tion, we have found that results from thermo-
dynamic-hydrodynamic calculations using a
code such as RUBY [3] accurately predict the
relative performance of many explosives. The
details of these experimental methods and cal-
culations are discussed in this paper, and re-
sults for a variety of explosives are presented.
Also, information on the equation of state of
detonation products is presented.

RELATIVE PERFORMANCE MEAS-
UREMENT USING CYLINDER TEST

A variety of metal accelerating tests has
been investigated for measuring relative per-
formance of explosives. They include the
sphere test [4], plate push test [53], flat plate
test [2] and cylinder test {2]. Of these we have
found the cylinder test to be the most versatile
for determining relative performance.
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An early variant of this test was described
at the Third Detonation Symposium [2]. How-
ever, since significant changes have been made,
a brief description follows.

Experimental

The standard cylinder test geometry con-
sists of a 1-in.-diameter, 12-in.-long explosive
charge fitted into a copper tube with a 0.1022-
in.-thick wall. A plane wave lens and 0.5-in.-
thick Comp B booster is used to initiate the
explosive at one end. The radial motion of the
cylinder wall is measured in a plane perpen-~
dicular to the cylinder axis 7 in. from the
booster end, A streak camera records the
motion, using conventional shadowgraph tech-
niques. In addition, the detonation velocity of
the explosive is measured by placing pin switches
9 in. apart on the surface of the cylinder.

The streak camera record is read on a
precision comparator which punches out the
data directly on IBM cards. A computer code
converts film coordinates into actual radius (R)
and time (t), fits the data, and calculates radial
wall position and velocity at specified values of
R-R_ . Reproducibility of radius-time data be-
tween duplicate experiments is better than 0.5
percent.

Standard 1-in.-diameter cylinder test re-
sults for Comp B, Grade A at a2 density of 1.717
g/cc are presented in Table 1. Results for a
2-in.-diameter scaled experiment (ratio of mass
of explosive to mass of metal held constant) are
also presented and show no diameter effect.

Experiments were carried out to measure
wall radius-time behavior at various positions
along the 12 in, long cylinder. Results, con-
firmed by hydrodynamic calculations, indicate
that steady state conditions exist in a region
~3 in. to 9 in. from the booster end.

Interpretation of Cylinder Test

Two-dimensional hydrodynamic calcula-~
tions [6] were used to investigate the behavior
of the detonation products in the cylinder test.
The results indicate that the detonation products
expand essentially along the Chapman-Jouguet
(C-J) isentrope. These calculations also showed
that the relative volume (v) of the detonation
products in the cylinder can be simply related
to the expansion of the cylinder (see Fig. 1).
Moreover, this relation is not sensitive to the
explosive used. As a result, one is able to as-
sess the relative energy delivery of explosives

TABLE 1
Radius-Time History of Copper Cylinders
Expanded by Comp B, Grade A

25.4-mm-diam, 50.8-mm-diam.
Comp B Comp B
2.606-mm 5.21-mm
Copper Wall Copper Wall
R-R, t R-R, /2
(mm) (usec) (mm) (usec)
2 2,17 4 2.15
3 3.00 6 3.00
4 3.17 8 3.78
5 4,51 10 4.51
6 5.22 12 5.21
7 5.91 14 5.90
8 6.59 16 6.59
9 7.26 18 7.26
10 7.92 20 7.92
11 8.57 22 8.57
12 9.22 24 9.21
13 9.86 26 9.85
14 10.50 28 10.48
15 11.13 30 11.11
16 11.75 32 11.73
17 12.37 34 12.35
18 12.99 36 12.97
19 13.60 38 13.59
20 14.22 40 14.20
21 14.83 42 14.81
22 15.43 44 15.41
23 16.04 46 16.02

merely by comparing cylinder wall velocities at

. the same expansion. The actual expansion at

which this comparison should be made depends
on the geometry in which the explosives are to
be used.

Hydrodynamic calculations for a variety of
geometries show that, with the mass ratios of
explosive to metal usually used, only two cyl-
inder expansions need to be considered to eval-
uate an explosive: R/R = 1.3 and R/R, = 2.
This results from the fact that for detonations
impinging head-on against metals essentially
all the energy is transferred to the metal by
the time the detonation products reach an ex-
pansion of Vv = 2, This expansion is reached in
the cylinder test at R/R, = 1.3. In contrast, for
grazing or sideways detonations the products
continue to effectively transfer energy to the
metal until they reach larger expansions, v = 7.
These expansions are reached in the cylinder
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test at R/R, > 2. One is thus able to assess
the relative performance of an explosive in
these two general types of metal acceleration
applications by merely comparing cylinder wall
velocities at early and late expansion.

Cylinder Test Results

Experimental cylinder test results at small
and large expansions for a variety of explosives

are presented in Table 2. The relative abil-
ity of these explosives to deliver energy to
metal in both head-on and sideways geome-
tries is summarized in Table 3. These re-
sults were calculated from the data in
Table 2 by simply squaring cylinder wall
velocities and comparing them to the square
of the Comp B values. Many of the values
listed in Table 3 have been confirmed when
the explosives were used in actual full-scale
metal acceleration experiments.

TABLE 2
Cylinder Test Results
Cylinder wall
Explosive Velocity
Density (mm/usec)
(g/cc) | (mm/
usec) at at
Symbol Composition! R-R,= | R-R =
5m 19 mm
HMX -—- 1.891 9.11 1.65 1.86
PBX-9404-03 HMX, NC, CEF (94/3/3) 1.841 8.80 1.57 1.80
PETN --- 1.765 8.16 1.56 1.79
RX-09-AA HMX, DNPA, EtDP (93.7/5.7/0.6) 1.827 8.69 1.56 1.79
RX-04-BY HMZX, FNR, (86/14) 1.894 -——- 1.54 1.77
LX-07-0 HMX, Viton (90/10) 1.865 8.64 1.54 1.77
Octol HMX, TNT (78/22) 1.821 8.48 1.53 1.75
HMX-Kel F HMZX, Kel F (84/16) 1.882 -—- 1.52 1.73
RX-04-AT HMX, 6, (88/12) 1.798 8.38 1.47 1.73
X-0204 HMX, Teflon (83/17) 1.911 8.42 1.50 1.72
LX-04-1 HMX, Viton (85/15) 1.865 8.47 1.49 1.71
PBX-9010 RDX, Kel F {90/10) 1.787 8.39 1.45 1.71
Cyclotol RDX, TNT (77/23) 1.754 8.25 1.46 1.70
PBX-9011 HMX, Estane (90/10) 1.771 8.50 1.46 1.69
RX-04-P1 HMX, Viton {80/20) 1.876 8.32 1.46 1.67
RX-04-AV HMX (CH,), (92/8) 1.719 8.63 1.44 1.67
Comp B, Grd A RDX, TNT (64/36) 1.717 7.99 1.38 1.63
RX-05-AA RDX, Polstyr DOP (90/8/2) 1.675 ~—- 1.38 1.60
TNT -—- 1.630 6.94 1.18 1.40
NM Nitromethane 1.143 6.37 1.01 1.22
INumerals are approximate weight percent of components.
Abbreviations:
NC = Nitrocellulose &, = Carborane-fluorocarbon
CEF = Tris 8-chloroethylphosphate copolymer
DNPA = 2,2-Dinitropropylacrylate Teflon = Trademark for tetrafluoro-
EtDP = Ethyl 4,4-dinitropentanoate ethylene polymer
LA P . Estane = Trademark for polyester-
FNR = Tetrafluoroethylene-trifluoro urethane of adipic acid 1,4-

nitroso methane copolymer

Viton A = Trademark for vinylidene fluoride-
hexafluoropropylene copolymer

Kel F = Trademark for chloro-trifluoroethylene

polymer

butanediol, diphenylmethane
diisocyanate
{CH,), = Polyethylene
Polstyr = Polystyrene
DOP = Dioctylphthalate
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Fig. 1 -~ Relative volume of detonation products
as a function of cylinder expansion

TABLE 3
Relative Metal Accelerating Ability
Relative Energy
Delivered to Metal
Estgrllck’)solﬁe In Geometries {In Geometries
Characterized |Characterized
by Head-On by Sideways
Detonations Detonations
HMX 1.41 1.30
PBX-9404-03 1.28 1.22
PETN 1.26 1.21
RX-09-AA 1.26 1.21
RX-04-BY 1.23 1.18
LX-07-0 1.23 1.18
Octol 1.21 1.15
HMX-Kel-F 1.20 1.13
RX-04-AT 1.12 1.13
X-0204 1.16 1.11
LX-04-1 1.14 1.10
PBX-9010 1.09 1.10
Cyclotol 1.10 1.09
PBX-9011 1.10 1.07
RX-04-P1 1.10 1.05
RX-04-AV 1.07 1.05
Comp B, Grd A 1 1
RX-05-AA 0.99 0.96
TNT 0.72 0.74
NM 0.53 0.56

1See Table 2 for identifications.

DETONATION PRODUCT EQUATION
OF STATE FOR ACCURATE
PERFORMANCE CALCULATION

The ability to calculate the performance of
a system containing explosive and metal has, in
general, been limited to simple idealized geom-
etries. However, the advent of high speed,
large memory computers such as the IBM 7030
and the CDC 6600 has changed this. With these
computers the motion of metal in fairly com-
plex geometries can now be accurately calcu-
lated using such hydrodynamic codes as
HEMP [6].

To do this however, we must have an accu-
rate description of the pressure-~volume-energy
{P-V-E) behavior of an explosives' detonation
products. For most metal acceleration appli-
cations only a limited region in P-V-E space is
of importance (see Fig. 2). This region in-
cludes the shock Hugoniot curve and isentropic
expansion curve from the C-J state (A and B in
Fig. 2) and slightly higher entropy states
(shaded area in Fig. 2).

A variety of equations of state, both theo-
retical and empirical, have been proposed for
the detonation products {7]. When these are
used, with appropriate constants in hydrody-
namic codes, they in general do not accurately
predict the metal motion of a system. It can be
shown [8] that this is not the fault of the hydro-
dynamic codes used. but merely implies inaccu-
racy in the P~-V-E description of the detonation
products.
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Fig. 2 - Pressure-volume region of interest
in most metal acceleration applications

As a result, hydrodynamic experiments
have been developed to measure more precisely
the P-V-E behavior of an explosive. Wilkins [4]
has found that data obtained when a sphere of
explosive expands an aluminum shell can be
used to determine detonation product P-V-E
behavior near the C-J adiabat from ~500 to 20
kbar. Data from the cylinder test can be used
to extend this pressure range down to about 1
kbar. In both these tests the P-V-E behavior
for the detonation products is determined by a
successive approximation procedure. Assumed
P-V-E values are used in a hydrodynamic cal-
culation and the calculated sphere or cylinder
wall velocities compared with experiment. The
P-V-E values are changed until agreement is
reached. The sensitivity of this procedure,
especially at low pressure, is considerably
better than for other techniques used to measure
P-V-E behavior. This sensitivity is illustrated
in Table 4 by data obtained from hydrodynamic
calculations on the cylinder test using two
slightly different equations of state.

The P-V-E behavior deduced from expand-
ing sphere and cylinder test data could not be
described by a simple polytropic equation of
state (¥-law). Neitheris the behavior consistent
with that calculated using the Becker-
Kistiakowsky-Wilson {BKW) [9] or LJD [10]
equation of state. Wilkins was able to describe
P-V-E data obtained from sphere experiments

by

TABLE 4
Effect of Change in Isentrope Pressure
on Cylinder Test Radius-Time Behavior

Isentrope -
Vol- Pressure Cylin- ( seco)
ume (kbar) der H
R/R,

Case 1 |Case 2 Case 1 |Case 2
1.0 | 151.0 { 147.3
1.4 47.6 43.4 1.19 2.25 2.33
2.0 16.7 14.4 1.39 3.94 4.08
4.0 5.4 4.7 1.79 6.96 7.24
5.5 3.5 3.0 2.18 8.74 { 10.16
7.0 2.5 2.2 2.57 | 12.39 | 12,93

_ w RV WE

P~A/V°+B<1—R—1—v—>e L5 (1)

This equation, however, had to be modified when
the experimental data were extended to lower
pressures with cylinder test results. The mod-
ified form is

il \oRY Ll o )\ RV WE (g
P_A<l R1V>e +B<1 m)e L2E 0 (2)

The equation for P as a function of V at constant
entropy is
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-R,V -R,V S(w+l) (3)

P_= Ae + Be + CV

s

The constants in Eq. {2) were evaluated for
Comp B, Grade A using the experimental Pc;
and data from cylinder and sphere tests. They
are presented in Table 5. Deal's [11] and Wil-
kins' [12] P.; measurements were used to de-
termine the initial slope of the C-J isentrope;
sphere test data was used to determine P-V be-~
havior at early expansions, Vv £ 1 to 2; cylinder
test data were used to determine the P-V be-
havior at larger expansions, VvV £ 1.5 to 7.

TABLE 5
Equation of State Constants
for Comp B, Grade A

Pq 1.717 g/cc

D 0.798 cm/usec

Pey 0.295 megabar

R, 4.2

R, 1.1

w 0.34

A 5.24229

B 0.076783

€, 0.085  megabar cc/cc

The P-V behavior of Eq. (2) for Comp B,
Grade A can be contrasted to that predicted by
other equations of state by comparing the quan-
tity ' = - (91nP/31nV)4 as a function of V for
the C-J isentrope. Figure 3 shows this com-
parison for Deal's ¥-law [13]; Fig. 4 for the
BKW equation [9]; and Fig. 5 for the LJD equa-
tion [10]. The new equatiom has a I” behavior
similar to that of the LJD equation.

The ability of Eg. (2) to describe the ex-
perimental results obtained for Comp B, Grade
A has been compared to that of the other equa-
tions of state. Results for the cylinder test are
summarized in Table 6. BKW, LJD and 7-law
equations all deliver too much energy to the
cylinder.

Results for the no-void sphere experiment
are shown in Table 7. BKW and Deal's Y-law
equations again deliver too much energy. The
LJD equation delivers about the right amount of
energy, but it predicts a low P¢y (~260 kbar
instead of the measured 295 kbar).

EQUATION 3
| 1 | I —
! o 30

\Y

Fig. 3 - Comparison of T from Eq. {3)
and Deal's y-law for Comp B, Grade A

Fig.4 - Comparison of I from Egq. (3) and
the BKW equation for Comp B, Grade A

The Riemann integral has been calculated
for Eq. (3) for Comp B, Grade A and compared
to the results obtained by Deal from a series of
impedance experiments [11,13] (see Figs. 6 and
7). The pressure vs particle velocity calculated
from Egq. (3) agrees with the experimental data.
This is also the case for pressure-particle ve-
locity curves calculated using Deal's y-law or
the BKW equation. Results obtained using the
LJD equation are, however, consistently lower.

The isentropic expansion of the detonation
products of TNT, PETN, nitromethane (NM) and
PBX 9404-03 has also been investigated and
found to be very similar to that observed for
Comp B, Grade A. Explosives with high carbon
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Fig. 5 - Comparison of T from Eq. (3) and
the LJD equation for Comp B, Grade A

TABLE 6
Comparison of Calculated and Experimental
Cylinder Test Results for Comp B, Grade A

t (usec)

Calculated Using

R-R, | Experi- Equation of State

(mm(f mental

Equa- | Deal’s
tion (2) { v-law BKW | LJD

0 0 0 0 0 0

2 2.17 2.18 2.05 2.10 | 2.25
4 3.77 3.76 3.50 | 3.62 | 3.84
6 5.22 5.19 4,79 | 4.93 ] 5.23
8 6.59 6.56 6.03 | 6.20 | 6.56

10 7.92 7.89 7.21 ) 7.43 | 7.83
12 9.22 9.19 8.38 | 8.62§ 9.09
14 10.50 10.46 9.53 9.78 110.30
16 11.75 11.72 | 10.67 | 10.93 |11.50
18 12.99 12,97 | 11.78 | 12.07 |12.68

20 | 14.22 | 14.20 | 12.91 | 13.19
22 | 15.43 | 15.42 | 14.02
24 | 16.64 | 16.63 | 15.13
26 | 17.84 | 17.83
28 | 19.04 | 19.04

content (TNT), with low carbon content (PETN),
with low initial density (NM) and with high ini-
tial density (PBX 9404-03) thus all seem to have
a similar I behavior (see Figs. 8, 9, 10 and 11).
Jones [14], in work on TNT, suggested solid~
like behavior for the detonation products at

high density. An initial increase in " is a con-
sequence of this assumption.

TABLE 7
Comparison of Calculated and Experimental
Sphere Test Results for Comp B, Grade A

t (usec)

Calculated Using

Experi- Equation of State

{(mm) | mental

Equa- | Deal's
tion (2) | v-law BKW | LJD

0 0 0 0 0 0

5 1.87 2.03 2.00 | 2.04 | 2.20
10 3.76 3.75 3.59 | 3.69 | 4.00
15 5.37 5.37 5.09 | 5.25 | 5.64

20 6.97 . . .
25 8.48 8.50 8.00 | 8.24 | 8.76
30 9.99 10.01 9.39 | 9.68 ]10.27
35 11.46 11.50 | 10.74 | 11.09 {11.75

ole]l=

100 |-

P
(KBARS)
10k
EQUATION 3
3+
tr v DEAUS EXP
4l
1 Il 1 1 ! 1 1
2 4 6 8

PARTICLE VELOQITY(Cry/psed)

Fig. 6 - Comparison of
calculated and experi-
mental pressure vs par-
ticle velocity for Comp
B, Grade A

It is important to point out that although we
have used the Chapman-Jouguet hypothesis as
a boundary condition for the generation of
Eq. {3), the overall description of the expansion
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FROM
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EXPERIMENTS

poD” (4)

r o= - 1.
<y

I 1 1 1 P

Neither sphere nor cylinder tests are sensitive
Fig. 8 - I vs relative volume for TNT tothe initial slope of the pressure-volume curve.

This is true for any geometry in which the metal

being accelerated is over a few mms thick.

Data from these tests, however, do accurately

of the detonation products is, to an extent, in- determine the behavior of I for detonation
dependent of the hypothesis. The hypothesis products at specific volumes greater than 0.8.
specifies that if the initial pressure, Py, is

known, the slope of the isentrope through this Equation of state 2 contains the assumption

point is determined by that V (3P/SE)y = constant. This is the same
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assumption made by Fickett and Wood [15] and
by Wilkins {4]. Cylinder experiments do not
provide a test of this assumption. We are,
therefore, using data from large-void sphere
tests and detonation velocity vs loading density
experiments to investigate this assumption.

In summary, it has been found that an ac-
curate description of the P-V-E behavior of
detonation products in the pressure range 500
to 1 kbar requires a rather complex equation of
state {Eq. (2)). Such an equation of state, how-
" ever, permits one to accurately calculate the
energy an explosive delivers to metal in a vari-
ety of geometries.

DETERMINATION OF RELATIVE
PERFORMANCE USING THERMO-
CHEMICAL CALCULATIONS

As was shown in the last section, the BKW
equation of state does not accurately describe
the P-V-E behavior of the detonation products.
We have found, however, that it can be used in
calculations to predict the relative performance
of many explosives. To do this the energy re-
lease (AE) for the reaction

Solid Explosive ——>Detonation Products
(at standard on the C-J isen- )
conditions trope at v/v = 7

is calculated using the BKW equation in a
thermodynamic-hydrodynamic code such as
RUBY. In carrying out the calculation, the det-
onation product composition is frozen when the
temperature drops below 1800°K. Comparing

this AE to that calculated for a reference ex-
plosive provides a relative measure of metal
accelerating ability.

The relative energy release calculated in
this manner for a set of standard explosives is
compared to experimental data obtained in the
cylinder test (see Table 8). The agreement is
good.

TABLE 8
Comparison of RUBY-Calculated and
Experimental Performance for Explo-
sives Relative to Comp B, Grade A

Relative |RUBY-Calculated
: Energy Relative Energy
Explosive Imparted to Release for
Cylinder Equation (5)
HMX 1.30 1.28
PETN 1.21 1.20
Cyclotol 1.09 1.08
Comp B,
Grade A 1 1
TNT 0.74 0.72
Nitromethane 0.56 0.62

This calculation technique for evaluating
performance is very useful to the chemist as a
guide in the synthesis and formulation of explo-
sives. It requires only that the composition,
density and heat of formation of the explosive
be known. As an example, we have found this
technique useful in assessing the effect on per-
formance of various binders and desensitizers
used in HMX formulations. Figure 12 shows
calculated and experimental decrease in per-
formance as a function of volume percent HMX
for some of these formulations. Again, the
agreement is quite good.

CONCLUSIONS

The combination of hydrodynamic experi-
ments and calculational techniques presented in
this report provide an excellent means for as-
sessing the metal accelerating ability of an ex-
plosive in a variety of geometries. Unfortu-
nately, we are not aware of an easier way to
accurately assess this type of performance
since the results from most simple, small-
scale tests are, often as not, very misleading.
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COMMENTS

G. G. DUNKLE, Applied Physics Laboratory,
Johns Hopkins University, Silver Spring,
Maryland

The suggested definition of BRISANCE may
clear up some confusion. Brisance has been
defined as '"shattering power" and has been
thought to depend on quantity of energy evolved
and the speed of its liberation. Attempts have
been made to correlate brisance with detona-
tion velocity, energy, and pressure, without
much more success than by the various small-
scale tests noted in the first paragraph of the
introduction.

Defining brisance as the ability of an ex-
plosive to accelerate metal makes it possible
to measure brisance quantitatively, and clari-
fies the roles of both detonation energy and
detonation pressure. Shattering power is an
indirect effect of high values of these parame-
ters which, as shown by various papers of this
symposium, lead to generation of strong shock
waves with spalling and other destructive ef-
fects on confining metals.

W. H. ANDERSEN, Shock Hydrodynamics, Inc.,
Sherman Oaks, California

During the detonation of an explosive whose
charge density is about 1 gm/cc or greater, the
detonation products are initially (before expan-
sion) in a repulsive interaction potential energy
state. This was pointed out many years ago by
Dr. Brinkley. Because of this repulsive mo-
lecular interaction, the translational and rota-~
tional degrees of freedom of the molecules be-
come vibrational in nature, and under this
condition a Gruneisen-type of equation should
be applicable in describing the state behavior
of the detonation products. I have recently de-
rived such an equation of state for the detonation
products, following work initiated in 1953 by
Parlin and myself. The Morse potential was
used to describe the interaction energy, and the
Gruneisen parameter used was that derived in
my paper in this symposium. The solution of

the resulting equations show that the ideal det-
onation velocity is usually a linear function of
the explosive charge density, as is known from
experiment. Of special significance is the pre-
dicted adiabatic behavior for the expansion
characteristics of the detonation products. The
equations show that the pressure initially de-
creases more rapidly with increase in volume
than is predicted by a constant gamma law gas.
This behavior was found experimentally by
Kury et al. and earlier by Wilkins et al. (UCRL-
7797). The theoretical adiabatic exponent was
found to increase with increase in volume until
the volume corresponding to the minimum in
the interaction potential energy was reached.

It is of importance to note that the initial max-
ima in the adiabatic exponent versus volume
plots of Kury et al. all occur at volumes which
correspond roughly to that of the minimum in
the potential energy.

Strictly speaking, the Gruneisen equation
ceases to be valid for larger volumes but all
variable covolume equations of state predict
that the adiabatic exponent should thereafter
decrease (essentially) moatonically with in-
crease in volume until the low density value
{about 1.3) is obtained. The Gruneisen equation
reverts to a constant gamma law form under
conditions that the interaction terms vanish.
The initial increase in the theoretical adiabatic
exponent is largely the result that the Gruneisen
parameter increases with increase in volume,
until the potential energy minimum is reached.
This tends to rapidly reduce the thermal energy
of the gas available for doing work as the vol-
ume of the detonation products is increased.

The second maxima observed in the plot of
the adiabatic exponent versus volume by Kury
et al. is not explained by the Gruneisen equa-
tion, but is possibly related to the nature of the
chemical reactions (kinetics, equilibria shifts
or heat capacity changes) which occur in the
detonation products during their expansion, as
suggested by Dr. Ablard. This is supported by
the fact that the characteristics of the second
maxima appear to be related to the composition
(or oxygen balance) of the explosive.




THE MOTION OF PLATES AND CYLINDERS DRIVEN BY
DETONATION WAVES AT TANGENTIAL INCIDENCE

N. E. Hoskin, J. W. S. Allan, W. A, Bailey, J. W. Lethaby and I. C. Skidmore
Atomic Weapons Reseavch Esiablishment
Aldermaston, Bevkshive, England

ABSTRACT

Flat plates and cylinders driven by detonation waves at tangential
incidence provide steady two dimensional hydrodynamic systems which
are theoretically tractable and experimentally simple. Such systems
have been examined theoretically with the two dimensional steady state
characteristic code ELA. Terminal states are found to be very similar
to those assumed in the simple Gurney theory {1]. Experiments on a
variety of plates with different mass loadings of Comp.B have given
terminal velocities agreeing with theoretical predictions to within 2
percent. For a given copper cylinder loaded with different explosives
the discrepancy between experimént and theory, assuming a polytropic
gas equation of state for the detonation products, is as high as 10 per-
cent. The effect of the compressibility of the metal is shown to be
small so the effect of more sophisticated equations of state of the deto-
nation products is being studied. :

ELA is derived. The numerical solution is then
compared with the simple Gurney approach for
predicting terminal states. The comparison
with experiment is given in the subsequent sec~

INTRODUCTION

Metal plates driven by detonation waves at
normal incidence represent a one dimensional

unsteady hydrodynamic problem which has re-
ceived considerable theoretical and experimen-
tal attention (e.g., Aziz et al. [2]). Though
computationally this is a straight-forward
problem it is difficult to provide valid experi-
mental data for comparison in the later stages
of plate motion since edge effects perturb the
one dimensional flow pattern of many practical
systems. An equivalent stage of theoretical
complexity is the two dimensional isentropic
steady flow pattern which has the advantage of
being experimentally attainable over all stages
of plate motion. In this paper the theoretical
motion of metal plates and cylinders driven by
detonation waves at grazing incidence is com-
pared with experiment. Results have been ob-
tained from geometries where the motion is
independent of end or side effects so that, with
respect to the detonation front, these are truly
two dimensional steady flows.

In the next section the theoretical aspects
of the problem are analysed. The problem is
defined, difficulties associated with the initial
solution are discussed and finally the charac-
teristic solution embodied in the computer code

14

tions. Experiments are described for deter-
mining the motion of explosively driven plates
and cylinders. In the flat plate experiments
terminal velocities have been obtained for a
variety of configurations while in the cylinder
experiments attention has been focussed on the
details of the motion for a specific configuration.

CALCULATED RESULTS
Description of System Considered

The problem considered is shown in Fig. 1
where explosive sandwiched between two metal
plates (or contained in a metal cylinder) is det-~
onated at one end. Only one-half of the system
is shown because of symmetry. A detonation
wave AO (assumed to remain plane) travels
along the explosive metal interface with con-
stant velocity D while an oblique shock AC trav-
els into the metal plate and is reflected at the
free surface as a centred rarefaction DCE
which gets reflected again at the explosive
metal interface as a compression wave. A
shock may form in this compression wave but
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Fig. 1 - Plate deflection showing main rarefaction and compression waves

is invariably weak. The initial shock in the
metal results in a pressure rise of order 250
kbars and it has been shown (see Walsh et al.
[3]) that for such pressures the entropy change
across the shock is negligible. Thus even
though the shock AC may decay along its path
one may assume the subsequent fiow in the
metal to be isentropic. Since the detonation
wave is assumed plane it follows that the flow
in the detonation products is also isentropic.
Therefore by imposing a constant velocity D in
the reverse direction the system becomes one
involving two dimensional steady isentropic flow.

Numerical Solution of the
Flow Equations

In order to ensure maximum accuracy in
the numerical results the equations of flow have
been solved in characteristic form. This allows
us to follow each separate wave explicitly and
determine its effect on the overall flow. How-
ever since conditions are locally sonic at the
detonation front it is necessary to obtain an an-
alytic solution in order to move away from the
immediate neighbourhood of this front. This is
obtained by fitting an expansion first given by
Hill and Pack [4] which is valid in the interior
of the detonation products, to other expansions
valid at the edge of the explosive and which are

determined by the required boundary conditions.

It will be shown that for small expansions away
from the front these boundary conditions are
identical for the three different conditions con-
sidered. These are a free surface, an interface
with compressible material and a simple mass
loading. Thus the effect of the boundary condi-
tion in the interior flow is merely to provide a
scale effect to the Hill and Pack solution. The
particular condition chosen then only applies at
the edge of the explosive in the expansion down
to a pressure determined by the conditions at
the explosive surface. This will be discussed
more fully in the following subsections.

The solution obtained is valid only for plane
geometry. The corresponding analysis however,
seems intractable in cylindrical geometry but,
since the radial component of velocity is ex-
tremely small in the expansion considered, it
is assumed that the same initial solution holds
for both plane and cylindrical geometry. The
subsequent numerical solution of course deals
with each geometry correctly and the results
obtained support the assumption.

Hill and Pack Solution
A full discussion of this expansion is given

in Ref. [4]. We introduce nondimensional vari-
ables given by




corresponds to the mid plane of the explosive
or the axis of the cylinder. Here

V=0 or G'(0) = 0, (8)
and (7) may be integrated to give
(G2 = 12(y+ DIGHY) - 63%0)] . )
This equation is satisfied by the Weierstrassian
elliptic function (#) and G(0) is determined

when the position of the singularity is known.
For a free surface Hill and Pack showed that
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U= v/acy,
V= v/acJ s
A= a/aCJ s
M= plocy (1)
P = p/pcy,
X=x/4,
Y = y/4

where u, v, a, p, p, x, y are axial component
of flow velocity, transverse component of flow
velocity, sound speed, density, pressure, axial
distance and transverse distance respectively.
Suffices C.J. refers to Chapman-Jouguet values
of the variables and 2£ is the width of the ex-
plosive (or diameter for cylindrical geometry).
The equations governing the two dimensional
steady flow are, in plane geometry

%(MU) + -%(MV) =0 @)
2 L 2 2 _ - 2A2 (3)
Q¢ = U+ V4 = 8 -1
AZ = M”71 4)
where
B = (v+1)/(y-1) (5)

and ¥ is the polytropic exponent in the equation
of state. Hill and Pack showed that a solution
of Egs. (2)~(4) could be found in series formviz.

U = 1+ 36G(Y) X% + O(X%H

V o= G'(Y) X3 + O(X5) (6)

M = 1 -3G(Y) X2 + O(X%)
where G(Y) satisfies the equation
G" = 18(y+1) G? (1)

the prime denoting differentiation w.r.t. Y.*
The coordinate axes are chosen so that Y = 0

*In cylindrical geometry the equation corre-
sponding to (7) is

. G :
G’ + 7:18(7+1)G2,

i.e., a2 form similar to Emden's equation, but
this has no known solution of the right form for
subsequent analysis.

this singularity is at the edge of the explosive.
The same analysis holds for the boundary con-
dition of a compressible plate and indeed is
valid, for small expansions, for an incompres-
sible plate (i.e., 2 mass loading at the edge of
the explosive). Thus in all cases

G(Y) = e[{3(y+ 1)} ? (1-1)] (10)
and near Y= 1 may be expanded as

1

GY) =
3(y+1)(1-Y)

x {1+0.457978 (1-Y)%+0.016134 (1-Y)*2].
(11)

For X < 0.02 then, using (11), v < 10-8 ony=0
which is sufficiently accurate for our purposes.

Note that although G(Y) is singular at v=1,
(1-Y)2 G(Y) and (1-Y)3 G'(Y) are regular and
the expressions (6) can be used right up to Y=1
if Y~ 1 along a line through Y= 1 making a finite
angle A¢ with the detonation front, i.e., with

X (12)

— AP = .
oY ¢ = constant

We see in the next section that this line is a
characteristic of the expansion at the boundary
and the two solutions can be matched to terms
in (Ag)2.

Solution at the Edge of the Explosive

To evaluate the solution near A in Fig. 1
consider the explosive (and metal if present) as
being semi-infinite in extent. Then expansion
away from the detonation front occurs through
a centred Prandti-Meyer fan for both a com-
pressible metal plate and a free surface, the
fan being complete in the case of a free surface
but terminating if a metal plate is present at a
pressure such that the streamline deflection
through the fan matches the pressure and de-
flection behind the oblique shock in the metal.
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H we consider a mass loading on the surface of
the explosive we must consider a generalised
Prandtl-Meyer expansion where the fan is no
longer centred at the edge of the explosive.
However in all cases if the characteristic is
defined by the angle ¢ made with the detonation
front then the solution for a polytropic gas is

A:cos( ¢ ) (13)

,Bl/2

and ., the angle between the characteristic and
the streamline is given by

cot u = BY? tan (ﬁli;z-) . (14)

The characteristic however does not pass
through A for 2 mass loading boundary condi-
tion. If the point of intersection of the charac-
teristic and explosive boundary is dencted by
(X,.Y,) it is easy to show that

6
X = y+1 cos 649
P " a A2Y/(y-1) °
(15)
+1 (° sin 6a0
B Y sin
Yp = 1+73 J A/ (7- 1)

where ¢ is the angle of deflection of the stream-
line from its original direction, i.e.,

0 = ¢+ pu- /2 (18)
and

mass/unit area of H.E.
mass/unit area of metal plate ~

We may expand (14) and (15) for small ¢, using
(16) and find

2 2
Xp:-3;¢3+."’ Yp:1+m¢6...'(17)
Thus for small enough ¢, (= A¢ say) if « is not
also small, the point (X .Y, ) coincides with A to
terms in (A¢)%. The vefocity components U and
V can also be expanded in series of powers of
0¢ for both the Prandtl-Meyer solution and the
Hill and Pack solution and it can be shown that
they agree to terms in (A¢)2 for U and (&¢)? for
V. Thus we can f{it the two solutions together
smoothly in all cases considered and in this way
construct an initial solution. The program ELA
allows for the possibilities that in plane geom-
etry the uppermost boundary condition may be
that for a compressible metal plate of given
thickness or for an incompressible plate of given
mass loading. The lower boundary condition

allows for a given mass loading or a free sur-
face, or the lower condition can be replaced by
conditions of symmetry along the axis Y=0.
This also holds in cylindrical geometry when
solving the problem of a cylinder of explosive
inside a-metal tube (which may be assumed to
be either compressible or incompressible).

Integration of the Flow Equations

As stated in previous sections, although the
initial solution is obtained analytically, the gen-
eral solution is obtained by solving the flow
equations in characteristic form. These for
two dimensional steady flow may be written

dU + p,dV - NdX = 0 along dY = u;dX (18)
dU + 4, dV - NdX = 0 along dY = p,dX (19)
where

_uv: AQ-an"7 (20)
U2 - A2

H1,2

suffixes 1 and 2 referring to the + and - sign
respectively.

In plane geometry
N=0 (21)

while in cylindrical geometry

A? \'
P LI 22
N U2‘A2onr¥$o (22)
_ 1l . 23
= 7 3% for Y= 0, ( )

i.e., on the axis. These must be solved together
with Bernoulli's equation and the equation of
state which we can write as a relation for the
sound speed. These may in general be written
as functions of density, viz.,

Q%= Fy(M), A?= FyuM (24)
and we can consider M as a parameter which we
can eliminate to give ¢ as a function of A. In
ELA we have considered forms of equations of
state where this elimination must be carried
out numerically, but for a polytropic gas of con-
stant v the elimination can be performed ana-
lytically to give Eq. (3). The solution of the
Eqgs. (18)-(24) in finite difference form is
straightforward and no further remarks are
necessary except to re-state that characteris-
tics may cross in the metal, showing that shocks
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are forming in the compression waves present.
These are invariably very weak shocks so the
assumption of isentropic flow will not be vio-
lated and in practice it has been found possible
to ignore the shocks so formed and adjust the
characteristic mesh before continuing.

Effect of Compressibility of the
Metal Plate

Figure 1 shows the main rarefaction and
compression waves in-the upper half of the
solution of a copper-explosive sandwich. It
should be remembered that the centred fan OAB
is matched by a similar fan from the lower
plate so that the region ABKD is not uniform as
it may seem from the figure. The region BKF
however is uniform. If we consider conditions
at a constant distance X from the detonation
front the variation is quite complex because of
the multiplicity of waves. For example Fig. 2
shows the pressure distribution at various dis-
tances downstream from the front and it is seen

that at X= 1 there is an off-axis maximum. The
separate parts however can be correlated with
the separate waves shown in Fig. 1. We see
however that as X increases the pressure be-
comes much more uniform and if we compare
with the broken curves on the same figure,
which show the corresponding curves if the
metal plate is replaced by a mass loading
boundary condition of equal mass ratio, we see
that by X=4 (i.e., 2 explosive widths) the two
curves agree quite well. The agreement im-
proves still further as X increases. A similar
situation holds for the transverse velocity com-
ponent v, also shown in Fig. 2, where it is seen
that at X=4 the agreeément between the mass
loading and the compressible metal plate solu-
tions is good. We may also consider the pres-
sure variation at the explosive interface as a
function of lateral displacement for both solu-
tions. It is found that the compressible metal
solution varies more or less uniformly about
the smooth curve obtained from the mass load-
ing condition so that the integrals under the
curves may be expected to be almost equal.
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These integrals are proportional to the energy
transfer from the explosive so that for consid-
eration of energy transfer to metal plates or
cylinders we can obtain very good estimates of
the efficiency by replacing the metal by a mass
loading condition.

Efficiency of Energy Transfer

Figure 2 shows that the pressure decreases
to an almost uniform distribution and the trans-
verse component of velocity is almost linear
with distance measured parallel to the detona-
tion front. It is easily shown that the final ve-
locity along the axis (i.e., when pressure - 0),
in laboratory coordinates is

[EARSK

where D is the detonation velocity. For v = 3

Uginar =

Ufinag = 0.06D (26)

which is considerably smaller than the average
value of the transverse component of velocity.
Thus the approximation of complete transverse
flow with a linear velocity distribution and uni-
form density and pressure (a2 model considered
many years ago by Gurney [1] and others in
discussing fragment velocities) is seen to fit
the calculated solution quite well and it is found
that it predicts efficiency of energy transfer
extremely well.

If we consider the situation of two metal
plates 1 and 2 of mass ratios «, and «, moving
normal to themselves with velocities V, and V,
and detonation products between them of uni-
form (but small) density and a linear velocity
profile then by conservation of momentum and
energy we find for plate 1

2

v, 6a,
E, "3+ a, + (a;+ Dla(2+2) + 62)/(a,+ 22)?
(27)
where
z=a/a, (28)
and
E_= D¥/2(y2-1). (29)

o

If the mass of plate 2 tends to zero it is possi-
ble to obtain a simpler expression by imposing
a limiting velocity V_ on the free surface and
equating linear momentum giving

7o o (30)

whereas (27) reduces (when z-0) to

E, a? + 5a + 4

Vi 6’ (31)

showing that the difference, other than the con-
stant, is in the coeifficient of a in the denomi-
nator. The constant in (31) is not compatible
with the true theoretical limiting velocity v, but
the difference is small for the range of ¥ con-
sidered. Furthermore the assumption of uni-
form density must obviously be untrue at a free
surface. The efficiency of energy transfer to
plate 1 is (for the Gurney system)

2
Vl

€m =
G~ 22, E

o]

3
3+a;+(a +2D{a(2+2)+62}/(a; +22) (32)

‘We may also calculate the solution by char-
acteristics for given mass loading a, and «,
and obtain the final deflections of the plates 4,
and 6,. The actual particle velocities of the
plates are then 2D sin £,/2 and 2D sin 6,/2 SO
that the efficiency of energy transfer for plate 1
is then '

e = 2a1E° [ sin (6,/2)]2.  (33)

Figure 3(a) shows the comparison of ¢; and .
for various values of « for the two extreme
cases when the rear explosive surface is rigid
or free. The numerical calculations have been
performed for different values of y (viz., 2.5,
3.0 and 3.5) and it is seen that the efficiency
depends only very slightly on » whereas in the
Gurney theory ¢g is independent of . This is
in agreement with the results of Aziz, et al. [2]
for normal incidence systems. The agreement
between calculated results and the Gurney the-
ory is good for a rigid explosive surface but
Gurney overestimates the efficiency when the
rear surface is bare. This however is the sit-
uation where one expects poorest agreement
for reasons already stated.

We may carry out the same analysis in
cylindrical geometry and in this case

! (34)

€ = T
¢ 7 1+ a2

where
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mass/unit length of H.E.
" mass/unit length of metal cylinder ~

Figure 3(b) shows the comparison which again
shows eificiency to be only slightly dependent
on y and to agree well with the Gurney curve.
The numerical results for «=0 are obtained
from Taylor [5] who assumed the case to be
very heavy.

TANGENTIALLY DRIVEN PLATES

Metal plates driven by a tangentially inci-
dent detonation wave are useful in plane geom-
etry experiments where the main requirement
is one dimensional conditions covering a large
area. In recent years many experiments have
been carried out to study fracture phenomena
and metallurgical changes in specimens sub-

jected to shocks of up to a few hundred kilobars.

Here the advantage of using tangentially driven
plates to provide the shock impulse is that a
large flat area of driver plate can be obtained
with a minimum of explosive thereby reducing
destructive effects and assisting the recovery
of shocked specimens. A comprehensive set of
data has now been accumulated for mild steel,
copper, brass and aluminum plates driven by
Comp. B which offer a useful comparison with
theory. For low plate velocities using thick
plates and thin slabs of explosive the metal
scabs. This can be avoided by introducing a
gap of about 3 mm between the plate and the
explosive with little effect on the resultant
velocity.

Experimental Method

The experimental arrangement consisted
of a large slab of explosive initiated along one
edge and confined on one face by the driver
plate while the opposite face was left bare.
When the plate has accelerated to its terminal
velocity v it is deflected by an angle ¢ from
its initial position where sin ¢ = V_/D. Here
V. is the velocity of the plate measured in a
perpendicular direction to ihe deflected position
and is not the true particle velocity. The actual
particles move in a direction ¢#/2 from this
perpendicular and hence their velocity is
V., sec (£/2) = 2D sin (&/2). However the
component vV is the required velocity for com-
puting the shock strength generated in a target
and is the velocity measured experimentally.

vV was measured by placing a two dimen-
sional probe array in the estimated position of
the deflected plate so that the probe offsets
were nominally perpendicular to the deflected

plate surface. The experiment was carried out
in a propane atmosphere to avoid premature
probe actuation due to air shock ionisation.
Least squares {its to the resulting distance time
data gave standard deviations in velocity of
about 1 percent. Corrections were made for
any small deviations in the estimated value of ¢
from its measured value and for tilt in the
transverse direction but since these involved
functions of small angles they were usually
small.

Charge thicknesses varied between 0.05
and 1.0 in. while metal thicknesses were be-
tween 0.05 and 0.5 in. The plate tended to scab
when the charge to metal thickness ratioc was
less than about 2 and this was avoided by intro-
ducing a 0.125 in. or sometimes a 0.25 in. gap
between the two components.

Charge sizes were typically 9x6 in. or
9 x8 in. initiated along the shorter side. Edge
effects were comparable with the charge thick-
ness. Some difficulty was experienced in get-
ting good line initiation. A subsidiary tangen-
tially driven plate was found to give the greatest
consistency. Other methods such as a line of
detonators or a line generator manufactured
irom sheet explosive produced unwelcome
perturbations.

Results and Discussion

The measured velocities are plotted as a
function of « in Fig. 4. The trend shown by
velocities less than 1 mm ysec !, where gaps
were used, blends quite smoothly with the higher
velocities where the charge was in intimate
contact with the plate.

For the arrangement where one surface of
the explosive is unconfined the simple Gurney
approach leads to alternative expressions for
the variation of terminal velocity with «, Egs.
(30) and (31), depending on whether momentum
or energy is conserved. Either expression
shows a very similar variation of v with ¢
though using constants consistent with other
detonic data leads to velocities up to 10 percent
higher than the measured values. However the
form of Egs. (30) and (31) is a good representa-
tion of the variation of the experimental data
with o and the least square fit to Eq. (30) giving
v, = 4.46 mm psec-! is shown by the full line
in Fig. 4.

The rigorous computation using a polytropic
gas equation of state with y = 2.85, D = 7.75 mm
usec ™! appropriate to the Chapman-Jouguet
state of the Comp.B used gave results shown by
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the broken curve in Fig. 4. The predicted ve-
locities are about 2 percent higher than the ex-
perimental curve at the highest values of a but
this is not much greater than the standard devi-
ation of the experimental points. The discrep-
ancy possibly reflects the use of an over simpli-
fied eguation of state. However it is gratifying
to obtain such good agreement with experiment
without involving any properties of the metal
other than mass.

TANGENTIALLY DRIVEN CYLINDERS

Experiments on explosively loaded cylin-
ders have been confined to one system. Explo-
sives of slightly different loading density have
been used but, unlike the tangentially driven
plate experiments, the variation in « has been
quite small. The investigation has been con-
cerned more with the detailed comparison of
computations with observed motion in a given
configuration rather than exploring terminal

states. Theory suggests that expansions of
about two radii are required to approach the
hydrodynamic terminal state. However cylin-
ders tend to burst after some finite expansion
and the motion may be perturbed before the
terminal state is obtained. Early experiments
were carried out using mild steel cylinders but
these burst after expanding about one radius so
the investigations discussed here refer to later
experiments using cylinders of copper whose
ductility permitted expansions of about two radii
before bursting.

Experimental Technique

The explosive-metal system has consisted
of an accurately machined 12 in. long copper
tube, 1.000 in. internal diameter and 1.204 in.
external diameter, containing an 11 in. long
solid cylinder of explosive initiated from a 1 in.
long plane wave generator. The clearance be-
tween explosive and metal was nominally less
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than 0.001in. For common high explosives this
configuration corresponds to « = 0.4,

The radial expansion r of the copper cylin-
der was measured as a function of time t by
using either a streak camera method or contact
probes. The velocity of detonation b was meas-
ured separately using probes.

The streak camera method was basically a
shadowgraph technique in which the camera was
aligned so that the slit, line of sight and cylin-
der axis were accurately orthogonal. The ex-
panding cylinder wall cut off the back lighting
provided by an argon flash and was recorded by
the camera writing at about 6 mm psec " !.
Some improvement in resolution was obtained
by using a low quality lens to focus the argon
light on the cylinder wall. Observations of cyl-
inder wall movement were made at a point 9 in.
from the initiator end where conditions were
shown to be steady and free from end effects
during times of interest.

In early experiments using probes these
were pins mounted along eight symmetric gen-
erators of a truncated Perspex cone of semi-
vertical angle ¢ = 10.5° mounted on the cylinder
so that it made contact at one end and flared
towards the detonator at the other. In later ex-
periments the arrangement was simplified by
using probes formed on printed circuit boards
occupying the position of the cone generators.
When conditions are steady the measured time
of arrival t_at a probe a distance x along the
cone from the cylinder wall is converted to a
radius time point by the transformation r=xsin®,
t = t, -t +xcos &/D where t_ is the measured
or interpolated time of arrival of the disturb-
ance at x=0 where the cone intersects the
cylinder.

It is important to distinguish between the
velocities derived from differentiating (r,t)
data and the true velocity of the material parti-
cles of the cylinder. If the cylinder is deflected
through an angle ¢ then, neglecting the small
compressibility effects, the material particles
move with a velocity 2D sin (6/2) in a direction
6/2 forward from the normal to the axis. Dif-
ferentiation of the data gives a phase velocity
D tan ¢ normal to the cylinder axis while the
phase velocity normal to the deflected cylinder
wall is D sin 6. Thus for a total displacement
r, the streak cemera observes the motion of
points on a length of cylinder r, sin (6/2) while
the probe method records the times of arrival
of points on a length. r,(sin (6/2) + cot @] of
cylinder. When r, = 2 cm those distances are
about 2 mm and 11 cm respectively. Hence it
is necessary, particularly when using the probe

method, to justify the assumption of steady state
conditions over these lengths. Several experi-
ments were carried out using the probe system
with the x = 0 point varying between 6 and 10 in.
from the detonator. No significant differences
were observed in the (r,t) plots.

A comparison of results from streak cam-
era and probe experiments, such as is made in
Fig. 5, shows agreement in the later stages of
cylinder expansion. The apparent high initial
velocity in the optical measurement is thought
to be due to spray ejected from the metal sur-
face on the arrival of the shock wave. The
spray is sufficiently dense to cut off light to the
camera but not sufficiently conducting to actu-
ate probes. The spray is eventually overtaken
by the main copper surface and is not repre-
sentative of the true cylinder motion.

Several experiments have been carried out
on each of three explosive compositions, RDX/
TNT 60/40 {(Composition B}, HMX/TNT/Inert
68/30/2 and HMX/Inert 95/5. For a given ex-
plosive, after correcting for systematic errors
due to differences in explosive density and cyl-
inder wall thickness, the time to reach a given
radial expansion is reproducible from round to
round to within 0.3 percent.

For streak camera data with r > 5 mm and
probe data with r > 1 mm a suitable analytic fit
to the (r,t) points has been found in the form,

t = t°+Ar+B exp(-Cr)

where t_, A, B and C are constants. A com-
puter programme has been written to carry out
a least squares {it to this expression. Differ-
entiation of the equation give a velocity — radius
relation showing an exponential approach to a
terminal velocity V, = 1/A and provides a more
sensitive comparison with theory than a radius-
time plot.

Comparison of Theory and Experiment

In Fig. 5 the experimental radius-time
curves for a copper cylinder loaded with Comp.
B are compared with the theoretical prediction
assuming a y-law equation of state. The agree-
ment appears to be quite good but differences
become more apparent when the more stringent
velocity~radius comparison is examined in the
same figure. The theoretical velocity is de-
rived by assuming that the computed work done
on the inner surface of the cylinder is equal to
the kinetic energy of the cylinder and then ap-
plying an incompressible cylindrical divergence
correction to obtain the outer surface velocity.
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Fig. 5 - Comparison of experimental and calculated radius-time and
velocity-radius curves for a copper cylinder driven by Composition B

This procedure realistically averages out the
directly computed cylinder wall reverberations.

The computations show that the efficiency
of energy transfer to an incompressible cylin-
der from detonation products following a -law
equation of state is only about 1 percent less
than the simple Gurney expression (1 +a/2)"!
for o ~ 0.4. The empirical {it to the experi-
mental data show that at r = 2 cm, just prior to
bursting, the cylinder wall velocity is within 2%
of the asymptotic velocity v_ which is the larg-
est terminal velocity that may be reasonably
extracted from the data. Converting v, to a
true terminal velocity 20 sin (6_/2), where
tan 6, = V_ /D, gives experimental values for
RDX?TNT, HMX/TNT and HMX/Inert of 1.64,
1.66 and 1.71 mm usec-! respectively. The
simple Gurney theory predicts 1.70, 1.89 and
1.90 mm psec- ! respectively, a difference of
about 4 percent for Comp. B and 10 percent or
more for the other explosives. Possible sources
of this discrepancy may lie in the effect of the
compressibility of the metal or (more probably)

in the use of an inadequate equation of state for
the detonation products.

The computed effect of the compressibility
of the metals copper, aluminium and lead, with
the same mass loading and the same equation of
state of the detonation products is illustrated in
Fig. 6. Here the kinetic energy of the cylinder
is plotted as a function of radial expansion. It
is seen that the kinetic energy transfer de-
creases with increasing compressibility as
would be expected. For copp->r the decrease in
velocity below that of a rigid mass loading with
« ~ 0.4 is no more than 1 perczent which only
accounts for a small part of the experimental
discrepancy. This then suggests that the equa-
tion of state of the detonation products may re~
quire refinement.

The application of the "Wilkins" form of
equation of state to these experiments is being
examined. This form of equation of state has a
dip in the Chapman-Jouguet adiabat at low
pressure thereby reducing the potential energy
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available in the detonation products for doing
work at large expansions. The comparison be-
tween the different equations of state and ex-
periment for HMX/TNT/Inert 68/30/2 is shown
in Fig. 7. The specific form of the equation of
state used in this calculation is the "modified
Wilkins' discussed by Allan and Lambourn [6].
While this underestimates the expansion veloc-
ity the difference between experiment and theory
is now less than 4 percent and it is hoped that
subsequent versions of this equation will give
even better agreement.
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THE CHAPMAN-JOUGUET ISENTROPE AND THE UNDERWATER
SHOCKWAVE PERFORMANCE OF PENTOLITE
W. A. Walker and H. M. Sternberg

U.S. Naval Ovdnance Laboratory, White Oak
Silvey Spring, Maryland

ABSTRACT

The underwater shockwave performance of a pentolite sphere, to 19
charge radii, is calculated with the "q" method. The detonation condi-
tions calculated with the Kistiakowsky~Wilson equation of state are
used. By comparison with experimental data it is shown that for the
hydrodynamic calculations an equation of state which results in a greater
energy release at low pressures is preferable to the Kistiakowsky-
Wilson equation. An explicit formula for an E,p,v equation of state of
water is derived for use in shock hydrodynamic calculations.

I. INTRODUCTION

In recent years thermochemical calculations
with the Kistiakowsky-Wilson (K-W) equation of
state

pv/RT = 1 + x exp(Bx), x = k/[v(T+8)%)
have been used with considerable success [1] to
predict the Chapman-Jouguet (C-J) conditions
for a variety of solid high explosives. There
remains the question of how well the K-W equa-~
tion describes the expansion of the detonation
products. It appears from recent experiments
with spherical metal shells [2] that the C-J
isentrope calculated with the K-W equation is
not adequate for hydrodynamic calculations in-
volving expansions to low pressures.

In this paper, the form of the C-J isentrope
of pentolite (50/50 TNT/PETN¥) is investigated
by comparing the results of hydrodynamic cal-
culations of the underwater performance of
spherical charges with existing experimental
data. Two E,p,v (internal energy, pressure,
specific volume) equations of state for the deto-
nation products are considered. The constants
in both equations are adjusted so that the C-J
conditions are identical to those predicted with
thermochemical calculations in which the K-W
equation of state was used. One of the equations
leads to a C-J isentrope duplicating the one

*Pentaerythritol tetranitrate.
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obtained with the K-W equation. The other
equation of state, which contains an exponential
term in the volume, is one proposed by Wilkins
[2]. This equation leads to a C-J isentrope
which is similar in form to the isentrope ob-
tained in 1941, for TNT, by Jones [3] (see Cole
[4]). The Jones TNT isentrope was calculated
with a p.v,T equation which has an exponential
term in the volume similar to the one in the
Wilkins equation.

Aside from its use in equation of state in-
vestigations, the theoretical prediction of the
underwater performance of solid high explo-
sives, particularly the calculation of peak pres-
sure vs distance and pressure vs time at fixed
positions, is of interest in itself [4,5]. The
prospects for satisfactory calculations of this
type have been steadily improving. The hydro-
dynamic calculations can now be made, more
or less routinely, with the artificial viscosity
method, using modern computing machines.
Sufficient equation of state data for water have
become available [6-16] so that the energy dis-

* sipated through shock heating can be deter-

mined, and the shocked water can be expanded
isentropically in the calculation. Also, recently
obtained peak pressure vs distance data in the
1-10 charge radii range [17] provide a means
of checking the calculation.

An explicit formula for the equation of
state of water is derived first, for later use in
the hydrodynamic calculations.
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II. THE EQUATION OF STATE
OF WATER

An equation of state of water relating the
pressure, specific volume and internal energy
is required for the hydrodynamic calculations,
the most convenient form being p = f(v,E). The
particular form chosen was

f f

£, f
—= +

v v v

[N
W
FS

|
I

W
n

<
~

(1)

P = +

where f,, f,, f,,and f, are polynomials in E,
fitted to experimental data. The fits were made
for use over the region in the p,v plane bounded
on the left by the Hugoniot from 20°C and 1 atm,
and on the right by the isentrope which intersects
the Hugoniot at the 250 kilobar (kb) point. The
internal energy was taken as zero at 20°C and 1
atm.

The water data were taken from several
sources. Along the saturation line, the data of
Keenan and Keyes [6] were used. The p,v,E
values along the 300 and 1400 bar lines were
those of Pistorius and Sharpe [7] who integrated
p.v,T data of Kennedy et al. [8-12]. Along the
Hugoniot from 20°C and 1 atm, the p,v,E values
of Snay and Rosenbaum [13] were used for pres-
sures below 25 kb. Above 25 kb, the Hugoniot
p.v,E and (3H/3v)  data of Rice and Walsh [14]
were used. The possibility of partial freezing
at 30-35 kb on the Hugoniot was neglected. Also
ignored was the phase change at 110 kb reported
by Altshuler [15] et al., which would result in a
small jog in the Hugoniot in the 100-120 kb
range.

The functions f,, f,, f; and f, in Eq. (1)
were found by fitting constant energy lines, as
follows: For a fixed E, denoted by E,, consider
the equations

f(E))  f0(E)  f4(E;) f,(E))
v * P s 7~ Pa (2)
1 Vl Vl Vl
fE))  f,(E))  f3(E))  f,(E)
+ + + = p, (3)

v 3 5 7
2 V2 V2 V2

0 <E <0.006

FIE)) (B £3(E)  ,(E)
+ + + 7 = Py (4)

Vi VH3 VHS vy

fE;)  3f,(E)) 5f,(E))
4+

TE(E) (8;:.)
VHZ VH4 VH6 VH EH

Here, the subscript B refers to points on the
Hugoniot and (3p/dv)y, stands for (op/ov)g
evaluated on the Hugoniot. For values of E be-~
between 0 and 0.036 mb-cc/g (the 160 kb point
on the Hugoniot) the points (p,v,,E;) were taken
along the saturation line up to the critical point,
and along the 300 bar line for values of v, greater
than the critical volume. The points (p,.v,,E;)
were taken from data on the 1400 bar line. The
Hugoniot points (pH,vH,Ei ) were taken from the
Rice and Walsh data. The points vy, (3p/3v)gy,
E,) were calculated from the values given by
Rice and Walsh for ¢y, and (3H/3v),, with the
thermodynamic identity

(3p/3v)g = (-c¥vH[1-p/CRHW) ). (6)

For each constant energy line the four data
points were inserted in Egs. (2)-(5) and the
equations were solved for f,(E;) and f(E;). -
After this was done for all the E,'s, linear fits
were made for the functions f (E) and f(E).
The values of f,(E;) and f,(E,) were then found
by solving Egs. (2) and (4) for E; < 0.036 mb-
cc/g, or Egs. (4) and (5) for E; > 0.036 mb-
cc/g. Least square polynomial fits were then
made to f (E,) and f,(E,) to get the functions

f (E) and f,(E). To improve the accuracy of
the {its, the functions f, and f, were fitted in
sections. The first two coefficients in the fit to
each section beyond the first were chosen so
that the derivatives would be continuous at the
junctions. Seven significant figures were re-~
tained so that p could be calculated from v and
E to within 10-20 bars, when the pressures
were below 1 kb.

The following functions, found by the above
process, were used in Eq. (1). The pressure is
in megabars (mb) when E is in mb-ce/g and v
is in cc/g.

f, = 0.005722427 - 1.240522E + 50.42535E?

~ 1.400579 x 108 E3 + 4.137950 x 106 E*
~ 2.726437 x 108 ES - 1.295684 x 1011ES + 1.437988 x 1013 E7
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0.006 < E < 0.017: f, = 0.001015091 - 0.3270122E’ + 6.734616E'?

(E' = E - 0.006)

+ 1.552785 x 10%E’3 - 2.926440 x 10°E’'4 + 2.139341x 108 E'5
- 5.615358 x 107 E' ¢

0.017 < E: f, = 5.607572x 10-* + 0.1122840 E”

"

(E"

(e
A

<E<0.0032: f,= -

0.0032 <E < 0.0245: f, = -
(E' = E - 0.0032) -

= O

E - 0.017) + 5.275769E"2 + 82.21745E"% - 147.1514E"*
- 4.044093 x 103E"5 -~

3.130131x 104E"S

0.02748180 + 1.691130F + 17.12981E?
+ 1.483364 x 104 E3 - 1.549072 x 107 E*
3.415591 x 10° E5 -~ 2.357818x 1011 kS

02215430 + 1.510980E’ - 10.56299E’'?
.411856 x 10°E'% + 6.176871x 105E'*
.810118 x 107 E‘5 - 6.205700 x 108 E‘® + 4.406075 x 10'°E"7

- 6.587460 x 1011 E’8
0.0245 < E: f, = 0.002499950 + 0.9374720E"

(E" = E - 0.0245)

fy, = 0.0268 - 0.4148E

f, = - 0.005 + 0.0741E .

Figure 1 contains the shock Hugoniot from
20°C and 1 atm, and several isentropes, calcu-
lated with Eq. (1). Several calculated isotherms
are shown in Fig. 2. The Hugoniot in Fig. 1 was
found numerically by eliminating E from Eq. (1)
and the Hugoniot equation

E ~ Eo = —%-(p+po)(vo—v) , (7)

where p = 1atm, v, =1.001793 cc/gand E_ =
0. The isentropes and the temperatures along
the isentropes were found by starting at the
saturation line and integrating the system

(FE/2v)

-p,

(8)

3T/, = ~T(3p/3E),,

using Eq. (1) for p and (3p/3E),. Some experi-
mental data points from the Bridgman [16] and
Kennedy {8,10,11] isotherms are shown in Fig.
2. On this scale, the Hugoniots of Rice and
Walsh [14] and of Eq. (1) coincide.

The calculated isentropes below the satura-
tion line, shown by the dashed lines in Fig. 1,
are probably adequate to represent superheated
water, i.e., they are extensions of the isentropes
with partial steam formation not taken into ac-
count. Equation (1) was used in the hydrody-
namic calculations as it stands for expansions
to states below the saturation line and above
100°C. This occurred in the water initially be-
tween the explosive boundary and 1.3 charge
radii from the center, The question of whether
or not there is time for steam to form is

- 4.624610E"2 ~

44.52203E"3 + 375.1364E"*

unimportant for the present problem, since the
effect of partial steam formation on the calcu-
lated flow is negligible.

The equation of state of water fit involves
interpolations over a large region in the p,v
plane for which there is no experimental data,
i.e., most of the region to the right of the
Hugoniot and above 2.5 kb. As a partial test of
the validity of the interpolation, the entropies
and temperatures on the Hugoniot found by in-
tegration from the saturation line with Egs. (1)
and (8) were compared with the Rice and Walsh
values [14], up to the 250 kb point. The maxi-
mum deviation of AS, the entropy increment
from the foot of the Hugoniot, from the Rice and
Walsh values is less than 2 percent. The max-
imum temperature deviation, about 5 percent,
occurs at 50 kb. Good agreement was also
found between the calculated 125°C and 175°C
isotherms and the Bridgman data, although
these data were not used explicitly in making
the fit.

III. EQUATION OF STATE OF THE
DETONATION PRODUCT GASES

When a spherical high explosive charge is
detonated underwater the flow is affected by the
way the energy is released as the detonation
product gases expand to low pressures. This
energy release is determined by the equation of
state of the product gases. The process is
clarified by examining the C-J isentrope, since
the energy per gram available from the further
expansion of a spherical shell of gas at the
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Fig. 1 - Water isentropes
calculated with Eq. (1)

pressure p is equal to the area under the isen-
trope, i.e., to
'( pdv.

v{p)

Two equations of state of the product gases
were tried in the hydrodynamic calculations. In
both cases the constants were chosen so that the
C-J pressure, density, sound speed and detona-
tion velocity are those gotten by thermochemical
calculations with the Kistiakowsky-Wilson equa-
tion of state. The RUBY computer program
[18,19], with the RDX parameters of Mader [1],
was used for the thermochemical calculations.
The C-J detonation conditions calculated for
pentolite (with the initial density - = 1.65 g/cc)
by the RUBY program are

= 0.2452 mb
0.5714 cm’usec

P; 2.210 g’cc
0.

c.
1

o

5 (®)

7655 cm usec .

From the results of the RUBY calculation, E;
the area under the C-J isentrope during ex-
pansion from the C-J pressure to zero pres-
sure, was taken to be 0.0775 mb-cc/g.

The equations of state used were both of
the form

p = a(p)E+b(p). (10)
The chemical energy E_ released in the detona-
tion is specified as part of the equation of state.
To duplicate a particular set of C~J conditions,
the constants in Eq. {10) are chosen to satisfy

the equations

p; = a(;) Ej + b(o)) (11)
da db a(o:) p.
2 —_ J )
€ de Ej arl .., ' o2 (12)

A‘D:‘pj

3 J
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Fig. 2 - Water isotherms calculated with Eq. (1)

Here, Eq. (12) follows from Eq. (10) via the
identity

c? = (3p/3p)g + (3p/3E) , p/o’ . (13)
The first equation of state had the form
p = [Ap+ B2l E + Cp?, (14)

where A, B, and C are constants. The value

A = 0.35 was chosen so that the isentropes
would have the correct slope as -0, i.e.,

A= (e /c,~ 1), where the ideal gas specific
heat ratios of the calculated detonation products
were averaged on a molar basis. The values of
B and C found from the simultaneous solution of
Egs. {11) and (12) were

B:=0.1243, C=0.01279,

in units compatible with those in Eq. (9). The
value E_ = 0.05866 mb-cc/g (1402 cal/g) was

used here. This was obtained from the RUBY
C~J conditions and the Hugoniot relation
Ej_Eo: (pj+po)(v°*-vj)/2. (15)
The C-J isentrope calculated with Eq. (14), with
the above values of the constants is, for practi-
cal purposes, identical to the C-J isentrope
calculated with the RUBY program, where the
K-W equation of state is used. The two isen-
tropes are compared in another paper presented
at this symposium but published elsewhere [25].